The incidence of spontaneous testicular atrophy and its morphological changes in relation to stage-specific spermatogenesis were investigated in young Crl:CDs/BR male rats at 10-12 wk of age used as controls for toxicity screening during [1983][1984][1985][1986][1987][1988][1989][1990]. The incidence of testicular degeneration was 2.5% (5/197) in control rats used for oral toxicity studies and 9.4% (31/327) in rats used for inhalation studies. The epididymal tubules ofrats with testicular degeneration had exfoliated germ cells and low sperm density. The high incidence of testicular degeneration observed in the control rats used in inhalation studies may be related to the stress associated with immobilization in the restrainer during nose-only exposure conditions. The severity of testicular degeneration in the inhalation studies was mostly minimal. In these minimally affected testes, mature spermatids (step 19) were retained within normal-appearing germinal epithelium at spermatogenic stages IX-XIV. Also, eosinophilic globular bodies (EGBs) were formed with elongated or mature spermatids throughout all spermatogenic stages, but the general architecture of germinal epithelium was normal in appearance. By electron microscopy, EGBs were sequestered necrotic spermatids, and the germ cell degeneration was associated with cytoplasmic vacuolation of Sertoli cells. In moderate testicular degeneration, markedly decreased maturing spermatids (steps 15-19) and a slight depletion of round spermatids were observed in stages I-VIII. In severe testicular degeneration, seminiferous tubules were lined with 1-2 layers of round spermatids and spermatocytes with giant cell formation. The round spermatids served as a marker to identify spermatogenic stages (I-VIII) of the atrophic tubules. Also, in severe testicular degeneration, tubules in spermatogenic stages X-XIV had no elongated spermatids, and spermatocytes were exfoliated with occasional giant cell formation. Many seminiferous tubules were lined with only 1-2 layers of spermatocytes, and specific germ cell markers were not present.
INTRODUCTION
Testicular atrophy is one of the most common non-neoplastic lesions in various strains of aging laboratory rats (2, 12, 13, 29) . Although rats have been used extensively for many years to evaluate the toxicity of numerous chemicals, little information is available on the incidence of spontaneoub testicular degeneration in young male rats. An understanding of stage-specific cell associations that occur during the spermatogenic cycle is essential to proper assessment of testicular toxicity. To the best of our knowledge, there are no reports describing stage-specific morphological changes in the germi-nal epithelium of spontaneous testicular atrophy in rats.
Several reports have described stage-specific morphological changes in the germinal epithelium in chemical-induced testicular atrophy (1 9-2 1). Included among such changes was mature spermatid retention (delayed spermiation) in specific spermatogenic &ages, but the cause of spermatic retention was not determined (4-6, 22, 28) . Recently, we observed mature spermatid retention and eosinophilic globular body (EGB) formation with elongated spermatids or mature spermatids in early spontaneous testicular degeneration in young male Crl:CD@/BR rats. The incidence, morphogenesis, or biological significance of EGBs in rats has not been reported in the literature.
The purpose of the present study was to report the incidence and morphology, in terms of stage-292 specific spermatogenesis, EGBs, and mature spermatid retention, of spontaneous testicular degeneration in young male rats.
MATERIALS AND METHODS

Aitiiiials
Weanling male Crl:CD@/BR rats were obtained from Charles River Breeding Laboratories (Raleigh, NC, and Kingston, NY). Rats were individually housed upon arrival and were quarantined for 1 wk prior to exposure. Animal rooms were maintained on a timer-controlled, 12-hr light/l2-hr dark cycle. Animal rooms were maintained at 23 f 2°C and 50 f 10% relative humidity. Except during exposure, food (Purinam Certified Rodent Chow@, Purina Mills Inc., Richmond, IN) and water were available ad libitum. To evaluate testicular lesions, 524 male rats used as procedural controls in subchronic toxicity studies between 1983 and 1990 at Haskell Laboratory were evaluated. Of 524 rats, 197 were used for 37 oral studies and 327 were used for 39 inhalation studies. The control rats were immobilized in the restrainers and exposed to air 6 hr/day for the 2-wk exposure period. The rats were approximately 10 and 12 wk old. In addition, the testes of 10 untreated rats, approximately 10 wk old, were evaluated by electron microscopy. These animals served as controls in a special study investigating the blood-testis barrier.
Tisstre Preparation
Light Microscopy. Control rats used for the oral studies were killed by chloroform euthanasia, whereas rats used for inhalation studies were killed by either chloroform or pentobarbital anesthesia followed by exsanguination. Both testes were removed from each rat and fixed in Bouin's solution. A single coronal sample, approximately 3 mm thick, was trimmed from the central portion of each testis. The epididymides, including the caput and cauda, were separated from the testes and trimmed longitudinally. The tissue samples were embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) for histological examination. Additional sections were stained with periodic acid SchifPs (PAS). The PAS-stained sections were used to identify spermatogenic stages based on the morphological characteristics of developing spermatid acrosomes and specific germ cell associations (1 4, 17).
Electron Microscopy. All 10 young male rats were anesthetized with an intraperitoneal injection of pentobarbital. Four of the rats were injected intracardially with 5 ml of horseradish peroxidase (1 2,500 units, Sigma Chemical Co., St. Louis) in 0.9% saline. Similarly, the remaining 6 rats were injected with 1 ml of 2% lanthanum nitrate in 0.9% saline in order to examine the permeability of Sertoli cell tight junctions. Approximately 5 min after intracardiac injection, heparinized saline solution was gravimetrically infused (about 30 cm above the animal) through a small incision in the left ventricle. Subsequently, a small incision was made in the right atrium to allow returning blood and perfusate to exit, avoiding any buildup of pressure within the vascular system. When the blood and perfusate began to run clear from the right atrium, the heparinized saline was switched to Karnovsky's fixative containing 0.1% picric acid. Small tissue samples from the testes were excised, cut into 1 -mm3 blocks, and immersed in the same fixative for an additional 3-4 hr. The tissues were washed with 0.05 M Na cacodylate buffer overnight at 4°C and postfixed in 1% osmium tetroxide. After dehydration in graded ethanol solutions, the tissues were infiltrated and embedded in Epon. Thin sections were stained with lead citrate and uranyl acetate and examined with a Zeiss 10 CR electron microscope. After excision of the tissue samples for electron microscopy, the remaining portion of the testes was processed for paraffin sections and stained with H&E for light microscopy. Table I shows the incidence of testicular degeneration in control rats used in subchronic oral and inhalation studies between 1983 and 1990. There was a marked difference in the incidences of testicular degeneration, including exfoliation ofgerm cells into the epididymal tubules, between these two groups. The mean incidence of combined bilateral or unilateral testicular degeneration was 2.5% (51 197) in oral studies and 9.4% (31/327) in inhalation studies. The incidence of testicular degeneration in control rats from the inhalation studies was more than 3 times that of the control rats in the oral studies. Also, the incidence of testicular degenera- In general, testicular degeneration in the restrained inhalation control rats was characterized by retention of mature spermatids and EGB formation with slight depletion of germ cells (Fig. 1A) .
RESULTS
Light Microscopy
In contrast, control rats from the oral studies more often showed advanced stages of germ cell degeneration including seminiferous tubules lined only by Sertoli cells.
The identification of the 14 stages of spermatogenesis in the seminiferous tubules was based on the morphological characteristics of maturing round spermatids with the PAS stain. Since the H&E stain does not clearly stain acrosome granules, it was difficult to identify stages I-VIII with this stain. The stages could be roughly assessed on H&E sections by the migrating position of elongated maturing spermatids in the germinal epithelium and the characteristic cap shapes of faintly stained acrosome granules in the. round spermatids. Stages IX-XI11 could be easily identified by the position and shape of elongated spermatids that were stained clearly by H&E. Numerous distinctive spermatocytes also helped in the identification of these stages. Stage XIV was readily recognized by the presence of spermatocytes with numerous meiotic figures in metaphase.
Lesions in the testes and epididymides of control rats used for subchronic oral or inhalation studies during 1990 are summarized in Table 11 . In early testicular degeneration, the germinal epithelium was normal but EGBs containing basophilic nuclear material were found at the luminal surface and occasionally within the germinal epithelium throughout all spermatogenic stages (I-XIV). The EGBs were closely associated with elongated or mature spermatids (Figs. lB, C, and 2D, E) . In addition, the mature spermatids (step 19) were retained in stages IX-XIV ( Fig. 2A, B) . Normally, the mature sper-.matids were released from seminiferous tubules at stage IX.
With more advanced degenerative changes, maturing spermatids (steps 15-1 9) in stages I-VIII had almost disappeared, and extensive round spermatid cell exfoliation occurred with spermatid giant cell formation and cytoplasmic vacuolization of Sertoli cells (Fig. lD, E) . Occasionally, exfoliated spermatocytes formed giant cells. In stages IX-XIV, elongated spermatids (steps 9-1 4) were exfoliated, and pachytene spermatocytes showed degenerative changes (Fig. 2C) . Exfoliated spermatocytes some- times formed giant cells. The epididymal tubules contained numerous exfoliated degenerative germ cells with reduced sperm density (oligospermia).
In severe testicular degeneration, the seminiferous tubules in stages I-VIII were lined with a single layer of stem cells along the basement membrane and contained a small number of exfoliated round spermatids and giant cells. The round cells served as markers to identify spermatogenic stages of atrophic tubules. In stages X-XIV, many tubules were lined with a single layer of pachytene spermatocytes, and the germinal epithelium was replaced with cytoplasmic processes of Sertoli cells (Fig. 2F) . More severely damaged tubules had Sertoli cells only, and identification of stages was not possible. The epididymal tubules were either densely filled with exfoliated germ cells and scanty spermatozoa or were empty except for minimal eosinophilic cellular debris.
In most unilateral testicular atrophy, elongated and mature spermatids were absent, and the seminiferous tubules had uniformly wide lumens with a thin layer of round spermatids and spermatocytes or spermatocytes only. Spermatic granulomas in the testes or epididymides were not associated with diffuse testicular degeneration. Focal germinal degeneration was observed in the seminiferous tubules adjacent to the spermatic granulomas in the testes.
Electron Microscopy
The EGBs in all spermatogenic stages seen by light microscopy corresponded to condensed tail cytoplasm of necrotic spermatids (Figs. 3A, By and 4). They contained electron-dense cytoplasm, myelin bodies, lipid droplets, clear vesicles, mitochondria, flagellum, and other organelles. The basophilic material in the globular bodies, as observed by light microscopy, was composed of a condensed nucleus. In early stages of EGB formation, degenerative spermatids contained swollen or electron-dense mitochondria and distended membranous organelles, but the degenerative spermatids were not sequestered from adjacent normal spermatids (Fig. 4) . The necrotic spermatids were separated from adjacent nor ma1 spermatids and converted into electron-dense globular bodies containing condensed cellular organelles, vacuoles, and myelin figures (Figs. 3B and  4) . The cytoplasm of some necrotic spermatids had disintegrated and sequestered within the Sertoli cells. Cytoplasmic vacuolization of Sertoli cells was associated with degenerative germ cells and globular bodies (Figs. 5A, B) . The cytoplasm was markedly vacuolated and plasma membranes of the Sertoli cells were ruptured where the germ cell-Sertoli cell contact was discontinued.
DISCUSSION
There are 2 major types of spermatogonia within a seminiferous tubule. The first type is the reserve spermatogonia. These undifferentiated cells may serve as the cellular progenitors for restoring spermatogenesis because they infrequently divide and are very resistant to many toxicants affecting other spermatogenic phases of germ cells (9) . The second type is differentiating spermatogonia. These cells show a higher mitotic rate and serve as a pool of germ cells (7, 16) . These spermatogonia become committed to produce increasingly differentiated spermatogonia and initiate development of cohorts of cells that proceed toward spermatozoa at fixed intervals. A seminiferous tubule contains 4 or 5 generations of germ cells, derived from 4.5 successive spermatogenic waves, and these germ cells are organized by specific cellular associations representing specific stages of their development. Based on the morphological characteristics of the developing spermatid acrosomes, 14 different cellular associations (stages of spermatogenesis, I-XIV) are identified in rats (17) . In rats, the time for differentiated spermatogonium to become spermatozoa is approximately 8 wk; a second wave of spermatogonial differentiation is triggered approximately every 13 days in rats (1). Specific target germ cells in stage-specific spermatogenesis can be identified by calculation of the time intervals required for development of specific germ cells after exposure to testicular toxicants (1, 19, 20) .
Since the susceptibility to testicular toxicants is not only limited to specific germ cells but also is limited to cells at specific stages of the spermatogenic cycle (3,6, 8, [19] [20] [21] 25) , an understanding of spermatogenesis and related morphology of germinal epithelium is essential for evaluation of testicular pathology and pathogenesis. Chemicals used in anticancer chemotherapy produced degenerative changes in germ cells at the stage of active RNA synthesis (spermatocytes at mid-pachytene) and meiotic division (23) . Also, stage-specific spermatocyte damage has been demonstrated using a number of-.industrial chemicals (3, 5, 6, 8, 19-21 ). Toxic agents that affect hormonal levels showed effects in tubules midway through the cycle, i.e., stages VII and VIII (26) .
Normally, maturing spermatids in steps 15-1 9 are present in stages I-VIII, and mature spermatids (step 19) are released from tubules in stage IX. In spontaneous testicular atrophy in young male rats, maturing spermatids (steps [15] [16] [17] [18] [19] were initially affected and formed the EGBs in stages I-VIII. The mature spermatids and EGBs were retained abnormally throughout stages IX-XIV. After maturing 19), 5-6 layers of round spermatids (steps l-s), and 1-2 layers of spermatocytes and spermatogonia. In contrast, the germinal epithelium in spermatogenic stages IX-XIV lacks the thick layers of round spermatids, and elongated spermatids (steps 9-14) adjoin directly with 1-2 layers of spermatocytes. The epithelial thickness of spermatogenic stages I-VIII is thus much greater than that of spermatogenic stages IX-XIV, and elongated spermatid depletion may appear to be more severe in stages IX-XIV (Fig.   2C, F) when compared to stages I-VIII (Fig. lD, F) .
Using morphological comparisons of stage-matched affected and unaffected tubules provides a more accurate assessment of testicular lesions as opposed to assessments based merely on thickness of germinal epithelium. The spermatic granulomas were occasionally observed in control rats and were not associated with marked testicular degeneration in this study or in other studies (3, 5, 6, 8, 18-21) .
Degenerative germinal epithelium.can be distinguished from regenerative epithelium by comparison to normal germ cell associations in stage-specific spermatogenesis (19-2 1) . In advanced testicular degeneration, both round spermatids and pachytene spermatocytes were specifically affected in stages I-VIII. Maturing spermatids were directly apposed to a single layer of stem cells on the basement membrane since the round spermatids and spermatocytes had been totally depleted. When spermatocytes were primarily affected in stages IX-XIV, elongated spermatids were apposed directly to a single layer of germ cells on the basement membrane. The maturing or elongated spermatids could be used as markers to identify specific spermatogenic stages of damaged tubules (19-21) . In early regeneration of testicular atrophy, the germinal epithelium did not show any normal germ cell associations. The seminiferous tubules were lined with 3-5 layers of regenerating large pachytene spermatocytes and 1-2 layers of zygotene spermatocytes and a single layer of stem cells along the basement membrane after 2 wk of recovery. Round spermatids in stages I-VIII ?nd, elongated spermatids in stages IX-XIV were regenerated after 4 wk of recovery. Subsequently, thin regenerating germinal epithelium revealed stagespecific germ cell association by 84 days of recovery
The incidence of testicular degeneration in the inhalation control rats was more than 3-fold greater than the incidence of testicular degeneration in oral control rats. The high incidence of mild testicular atrophy in inhalation controls was interpreted to be the result of stress and immobilization associated with restraint during the exposure period. Similarly, degenerative spermatids and spermatocytes were reported in Maca nenzesrina monkeys after 14 days of immobilization, but normal spermatogenesis was regained after release of restraint (1 1). In light of the relatively high incidence of testicular degeneration, attention should be paid to the interpretation of testicular degeneration in young male rats used in subacute inhalation toxicity experiments.
The mature spermatid retention and EGB formation were associated with minimal testicular de-generation. Mature spermatids, which are normally released by spermatogenic stage IX, were retained in stages IX-XIII. The spermatid retention has been described as "delayed sperm release" (4), "delayed spermiation" (1 5), "retention of late spermatids" (22) , or "inhibition of spermiation" (27) in testicular degeneration induced by chemicals. Although the cause of the spermatid retention is unknown, Sertoli cell malfunction has been suggested (25) . Since Sertoli cells have been known to provide nourishment and protection for developing germ cells (10, 24, 28) , vacuolization of Sertoli cells may have been associated with spermatid sloughing with giant cell formation. The spermatid degeneration was suspected resulting from disruption of Sertoli-germ cell association (1 9).
Since the number of young male rats used in the subchronic toxicity tests is small, a low incidence of testicular atrophy in a treatment group is difficult to interpret. Spermatid retention, EGB formation, degenerative changes in the round spermatids of stages I-VIII, and elongated spermatids of stages IX-XIV are believed to be an early stage of germ cell degeneration. The testicular changes are commonly associated with young male rats, especially in nose-only inhalation studies.
